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Acinetobacter baumannii is an emerging bacterial pathogen of considerable health care concern. Nonetheless,
relatively little is known about the organism’s virulence factors or their regulatory networks. Septicemia and
ventilator-associated pneumonia are two of the more severe forms of A. baumannii disease. To identify virulence
factors that may contribute to these disease processes, genetically diverse A. baumannii clinical isolates were
evaluated for the ability to proliferate in human serum. A transposon mutant library was created in a strain
background that propagated well in serum and screened for members with decreased serum growth. The
results revealed that disruption of A. baumannii phospholipase D (PLD) caused a reduction in the organism’s
ability to thrive in serum, a deficiency in epithelial cell invasion, and diminished pathogenesis in a murine
model of pneumonia. Collectively, these results suggest that PLD is an A. baumannii virulence factor.

Acinetobacter baumannii is rapidly emerging as an important
opportunistic pathogen that can cause a wide range of infec-
tions, including ventilator-associated pneumonia, skin and soft
tissue infections, secondary meningitis, and bacteremia (re-
viewed in reference 6). While community-associated A. bau-
mannii infections have been reported, the organism is predom-
inantly a nosocomial pathogen, and disease is generally limited
to severely compromised individuals, such as intensive-care
unit patients and military personnel suffering from traumatic
injury (2, 21, 27, 31, 38). Due in part to the organism’s wide-
spread resistance to most antimicrobial agents, many infections
can be quite severe, with mortality rates ranging from 26 to
68% (18, 32, 35). Moreover, pan-antibiotic-resistant strains
have recently emerged both in the United States and else-
where, accentuating the need for new therapeutic strategies for
the treatment of Acinetobacter infections (7, 33).

One of the reasons that A. baumannii-associated disease is
predominantly limited to hospitalized patients is that it is in-
herently poised to persist within health care settings, thereby
providing reservoirs for transmission and infection. Indeed, the
organism can readily colonize and survive on inanimate sur-
faces for extended periods of time and is resistant to desicca-
tion and disinfectants (10, 12, 26, 42). A. baumannii is also
capable of forming biofilms on abiotic surfaces, resulting in a
physiological state that could, in part, contribute to its
aforementioned ability to persist, although the causality of
this relationship has yet to be determined. Mature A. bau-
mannii biofilm production depends on the production of

pili, which are assembled by the chaperone-usher secretion
system (CsuABCDE), and at least one other factor, biofilm-
associated protein (Bap) (20, 36).

Despite a worldwide increase in the incidence of A. bauman-
nii infections, surprisingly little is known about the organism’s
virulence factors or their regulatory networks. Accordingly, the
focus of our work is to characterize the bacterial factors that
contribute to A. baumannii ventilator-associated pneumonia
and septicemia, the two most severe forms of disease caused by
the organism (6). Their characterization may lead to novel
therapeutic strategies to limit A. baumannii-associated morbid-
ity and mortality.

To date, in vitro studies have revealed that outer membrane
protein A (OmpA) plays an important role in bronchial epi-
thelial cell invasion, implying that it may contribute to the
organism’s ability to cause pneumonia (4). Nonetheless, little
difference in lung bacterial burdens was observed between
wild-type (WT) and ompA mutant cells in a murine-pneumonia
model of infection, suggesting that other factors may play im-
portant roles in Acinetobacter-mediated pneumonia (4). It has
also been shown that some A. baumannii strains are resistant to
the killing action of human serum, suggesting that they harbor
genetic components that augment the organism’s ability to
cause bacteremia. One proposed mechanism for the serum-
resistant phenotype is the inhibition of host complement C3
protein cleavage and binding to the organism’s cell surface,
which may in turn inhibit host phagocytic cell recognition and
result in a serum-resistant phenotype (16). However, the A.
baumannii factor(s) responsible for this phenotype has not yet
been identified. It has also been shown that A. baumannii
penicillin-binding protein 7/8 may play a role in serum resis-
tance, presumably by remodeling the bacterial cell surface in a
manner that protects it from host defense components, such as
antimicrobial peptides (30).

The current work describes our efforts to expand the char-
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acterization of A. baumannii factors that augment the organ-
ism’s ability to survive in human serum. Accordingly, we as-
sessed the ability of A. baumannii clinical isolates to proliferate
in human serum. A transposon mutant library was generated in
one strain that exhibited the ability to proliferate well in serum
and was screened for members with diminished serum growth.
One mutant harbored a transposon insertion within a puta-
tive A. baumannii phospholipase D (PLD) gene. Phospho-
lipase D assays revealed that this gene (A1S_2989) does
indeed affect phospholipase activity. Moreover, its mutation
resulted in decreased A. baumannii epithelial cell invasion
(in vitro). Consistent with the aforementioned decrease in

the ability to proliferate in serum, pld mutant cells exhibited
decreased bacteremia and colonization of visceral host or-
gans in a murine infection model. Collectively, these results
indicate that phospholipase D is an A. baumannii virulence
factor and suggest that agents that inhibit the protein’s
activity may have considerable therapeutic potential.

MATERIALS AND METHODS

Bacterial strains and growth medium. The bacterial strains and plasmids used
in this study are listed in Table 1. All strains were grown in either Luria-Bertani
(LB) medium (Becton Dickinson, Franklin Lakes, NJ), tryptic soy broth (TSB)
(Becton Dickinson), or 100% human serum. For serum preparation, plasma

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Collection site or relevant genotype PFGE
typea

Serum
growthb Sourcec or reference

A. baumannii
510 Sputum A I UNMC (NE; 2006)
2824 Urine A UNMC (NE; 2008)
2898 Ankle wound A UNMC (NE; 2008)
4564 Urine A UNMC (NE; 2006)
4860 Urine A UNMC (NE; 2007)
4884 Urine A UNMC (NE; 2007)
4893 Leg wound A UNMC (NE; 2007)
5191 Urine A UNMC (NE; 2007)
5393 Unknown A UNMC (NE; 2007)
5562 Blood A I UNMC (NE; 2007)
5592 Sputum A UNMC (NE; 2007)
5695 Unknown A UNMC (NE; 2007)
ATCC 17904 Urine B R ATCC (1963)
ATCC 17961 Blood C R ATCC (1968)
ATCC 17976 Postoperative meningitis D I ATCC (1951)
ATCC 17978 Fetal meningitis E I ATCC (1951)
98-37-01 Endotracheal tube F R CDC (TX; 1998)
98-37-02 Sputum G R CDC (TX; 1998)
98-37-05 Tracheal aspirate H I CDC (TX; 1998)
98-37-09 Cerebrospinal fluid I R CDC (TX; 1998)
ACJ1 EZ-Tn5::A1S_3365 derivative of 98-37-09 I I This work
ACJ2 EZ-Tn5::A1S_2989 derivative of 98-37-09 I I This work
ACJ3 EZ-Tn5::A1S_0269 derivative of 98-37-09 I I This work
ACJ4 EZ-Tn5::A1S_3045 (promoter region) derivative of 98-37-09 I I This work
ACJ5 EZ-Tn5::A1S_3045 (promoter region) derivative of 98-37-10 I I This work
ACJ6 EZ-Tn5::A1S_3278 derivative of 98-37-09 I I This work
98-37-11 Bronchial wash J R CDC (TX; 1998)
01-12-05 Blood K R CDC (IN; 2001)
01-12-06 Sputum K CDC (IN; 2001)
01-12-07 Sputum K CDC (IN; 2001)
01-12-08 Burn wound K CDC (IN; 2001)
01-12-09 Catheter tip K CDC (IN; 2001)
07-09-54 Unknown L I CDC (KY; 2007)
07-09-59 Unknown L CDC (KY; 2007)
07-09-60 Unknown L CDC (KY; 2007)
07-09-61 Unknown L CDC (KY; 2007)
07-09-63 Unknown L CDC (KY; 2007)

E. coli
INV�F� F� endA1 recA1 hsdR17 (rK

� mK
�) supE44 thi-1 gyrA96 relA1 �lacZ�M15 Invitrogen

�(lacZYA-argF)U169 ��

Plasmids
pCR II-TOPO Ampr Kanr Invitrogen
pWH1266 Ampr Tetr 15
pACJ01 pWH1266/A1S_2989 Tetr This work

a PFGE pattern of the isolate in comparison to all other isolates in the study.
b Human serum growth/resistance profile relative to all other PFGE types assessed; I and R indicate intermediate and robust growth, respectively.
c Listed are the strain source with the location and/or year of isolation in parentheses. UNMC, University of Nebraska Medical Center.
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(American Red Cross, Omaha, NE) was clotted by adding 20 mM calcium
chloride (Sigma Aldrich, Saint Louis, MO) and thromboplastin (prepared from
human brain following the methods in reference 28) and incubation at 37°C for
1 h. Serum was collected after centrifugation at 2,000 � g and stored at �80°C
until it was needed. Where indicated, the medium was supplemented with the
following antibiotics: kanamycin (50 	g ml�1; MP Biomedicals, Solon, OH),
tetracycline (20 	g ml�1; Acros Organics, Morris Plains, NJ), ampicillin (50 	g
ml�1; Thermo Fisher, Waltham, MA), or gentamicin (300 	g ml�1; Invitrogen,
Carlsbad, CA).

PFGE. The genetic diversity of all A. baumannii strains used in this study was
assessed by pulsed-field gel electrophoresis (PFGE). Briefly, each bacterial strain
was suspended in cell suspension buffer (100 mM EDTA, 100 mM Tris; Applied
Biosystems, Austin, TX) to an optical density at 600 nm (OD600) of 1.15 and
prepared in agarose plugs, and DNA was digested with 250 U ApaI enzyme (New
England Biolabs, Ipswich, MA) as previously described (11). Samples were
electrophoresed on a 1% SeaKem HGT Agarose Gel (Thermo Fisher) in 0.5�
Tris-borate-EDTA (TBE) buffer. The initial switch time was 7 s, the final switch
time was 20 s, and the run time was 18.5 h at 200 V. The agarose gel was stained
with ethidium bromide to visualize and compare banding patterns.

Transposon mutagenesis. An A. baumannii strain 98-37-09 transposon mutant
library was created using the EZ-Tn5 
R6K�ori/KAN-2� Tnp transposome
system, following the manufacturer’s recommendations for prokaryotic cell
transposition (Epicentre Biotechologies, Madison, WI). Briefly, EZ-Tn5

R6K�ori/KAN-2� transposome (33 ng) was electroporated into 2 � 109 A.
baumannii 98-37-09 electrocompetent cells in 0.1-cm cuvettes at 1.8 kV. Suspen-
sions (100 	l) were then immediately added to 400 	l prewarmed SOC medium
(Invitrogen) and incubated at 37°C and 225 rpm for 1 h. Transposon-containing
cells were selected by plating them on LB agar containing kanamycin. In total,
6,000 transposon mutants were generated and subsequently inoculated into wells
of 96-well round-bottom plates (Corning, Lowell, MA) containing 150 	l TSB
medium supplemented with kanamycin. The plates were incubated at 37°C over-
night to allow growth, and then 10 	l of each well suspension was transferred to
individual wells of fresh 96-well round-bottom plates containing 100 	l of 5%
bovine serum albumin (Sigma Aldrich)–5% L-glutamic acid (Sigma Aldrich)
solution and sealed with plastic film (Thermo Fisher) for long-term storage at
�80°C. A total of 65 transposon library members were randomly selected to
assess the randomness and number of transposon insertions per isolate by South-
ern blotting. To do so, chromosomal DNA was digested with ApaI restriction
enzyme, electrophoresed, and transferred to a nylon membrane (Hybond-N; GE
Healthcare, Pittsburgh, PA). The membranes were probed with digoxigenin
(DIG)-labeled probe specific for the transposon kanamycin resistance gene,
which was generated using the PCR DIG Probe Synthesis Kit and primers
(forward, 5�-GAAAACAGCATTCCAGGTATTAGAA-3�; reverse, 5�-CTTA
TGCATTTCTTTCCAGACTTGT-3�) as recommended by the manufacturer
(Roche Applied Sciences, Indianapolis, IN). Anti-digoxigenin-AP Fab frag-
ments were bound to the DIG-labeled probe by washing them and visualized
with disodium 3-(4-methoxyspiro l,2-dioxetane-3,2�-(5�-chloro)tricyclo[3.3.1.13,7]de-
can-4-yl) phenyl phosphate (CSPD) (Roche Applied Sciences).

Phospholipase D assay. A. baumannii strains were assessed for PLD activity
using the Amplex Red Phospholipase D Assay Kit according to the manufactur-
er’s recommendations (Invitrogen). Briefly, A. baumannii strains 98-37-09 and
ACJ2 were grown overnight in LB medium or LB medium supplemented with
kanamycin, respectively. The strains were subsequently subcultured to an OD600

of 0.4. The cells were pelleted by centrifugation (2,000 � g; 4°C; 10 min), an
aliquot of each supernatant was filter sterilized (0.22 	m), and PLD activity was
measured. To normalize for differences in protein concentrations among samples
tested, the protein concentration of the remainder of each supernatant was
measured using the Bradford assay of trichloroacetic acid-precipitated material.
The PLD assay results were normalized to the supernatant protein concentra-
tion.

Serum growth assay. Representatives of each A. baumannii PFGE type listed
in Table 1 and all members of an A. baumannii strain 98-37-09 transposon
mutant library were assessed for the ability to proliferate in human serum. For
PFGE type assays, strains were grown for 16 h in TSB medium at 37°C with
aeration (225 rpm) and were then used to inoculate (1:100 dilution; approxi-
mately 1 � 107 CFU ml�1) 10 ml of human serum in 50-ml conical polypropylene
tubes (Becton Dickinson). The tubes were incubated at 37°C at 225 rpm, and the
OD600 or CFU ml�1 were measured at 15-h intervals over a 60-h period, as
indicated in the text. For mutant library assays, library members were grown for
16 h in individual wells of 96-well round-bottom plates (Costar 3788; Corning)
containing 150 	l TSB and kanamycin. Approximately 1 � 107 cells of each
library member were subsequently transferred to new 96-well flat-bottom plates
containing 200 	l human serum (Falcon 3072; Becton Dickinson). To prevent

cross-contamination, the plates were then sealed with plastic film (Thermo
Fisher) and incubated at 37°C for 60 h. The OD600 was determined initially and
at 15-h intervals for the duration of the study.

Inverse PCR. Inverse PCR was used to identify the transposon insertion sites
of mutants exhibiting reduced cellular proliferation within human serum. To do
so, total bacterial DNA was purified from each mutant of interest using a DNeasy
Blood and Tissue Kit, following the manufacturer’s recommendations (Qiagen,
Valencia, CA). Two micrograms of purified DNA was then digested with the
restriction enzyme AfeI (10 U; New England Biolabs) at 37°C for 1 h. The
restriction fragments were circularized by ligation using 1.5 U of T4 DNA ligase
(Invitrogen, Carlsbad, CA) at 16°C for 16 h. Following enzyme inactivation by
heat treatment, 5 	l of each ligation mixture was subjected to inverse PCR using
Platinum PCR Supermix High Fidelity (Invitrogen) and transposon-specific
primers (forward, 5�-ACCTACAACAAAGCTCTCATCAACC-3�; reverse, 5�-C
TACCCTGTGGAACACCTACATCT-3�) supplied in the EZ-Tn5 
R6K�ori/
KAN-2� Tnp transposome kit (Epicentre Biotechnologies). Inverse PCR was
performed in a GeneAmp PCR System 9700 thermocycler (Applied Biosystems)
with the following parameters: 94°C for 10 min and 50 cycles of 94°C for 30 s,
57°C for 30 s, and 72°C for 6 min, followed by an extension at 72°C for 10 min.
The PCR products were electrophoresed in a 1% UltraPure Agarose gel (In-
vitrogen) at 75 V for 40 min and gel purified using a QIAquick Gel Extraction
Kit (Qiagen). To determine the sequence of each PCR product, approximately
40 ng of gel-purified PCR products was ligated into 25 ng of pCRII-Topo vector
and transformed into 50 	l Escherichia coli One Shot INV�F� cells, following the
manufacturer’s recommendations for dual-promoter TA cloning (Invitrogen).
Transformants were selected on LB agar containing kanamycin and 5-bromo-4-
chloro-3-indolyl--D-galactopyranoside (X-Gal) (80 	g ml�1; Sigma Aldrich);
the latter allowed an efficient screen of plasmids containing an insert within
the vector lacZ gene. Following propagation, plasmid DNA was purified using
QIAprep Spin Miniprep kits (Qiagen) and sequenced at the University of Ne-
braska Medical Center Sequencing Core Facility using vector-specific primers
(forward, 5�-GTAAAACGACGGCCAG-3�; reverse, 5�-CAGGAAACAGCTA
TGAC-3�).

Construction of the A1S_2989 complementation plasmid. The A. baumannii
A1S_2989 (putative PLD) locus and 500 bp of upstream region were amplified
from A. baumannii 98-37-09 DNA by PCR using Platinum PCR Supermix High
Fidelity (Invitrogen) and primers (forward, 5�-CTGCAGATTATGGCACAAT
CCTTTCATTCCA-3�; reverse, 5�-CTGCAGGTAGAAGGCCATGATGTAAA
AAGTT-3�), each containing a 5�-terminal PstI restriction site (underlined). The
resulting 1.7-kb PCR product was ligated into a pCRII-Topo vector and trans-
formed into E. coli INV�F� cells for propagation. Plasmid DNA was subse-
quently purified using QIAprep Spin Miniprep kits (Qiagen) and then digested
with PstI enzyme to liberate the plasmid insert. The PLD insert was gel purified
using a QIAquick Gel Extraction Kit (Qiagen), ligated into a PstI-digested
pWH1266 plasmid to generate plasmid pACJ01 and then electroporated into A.
baumannii strain ACJ2. Transformants containing plasmid pACJ01 or vector
alone were selected by growth on LB agar containing tetracycline. DNA sequenc-
ing confirmed the integrity of plasmid pACJ01.

Bacterial-invasion assay. Human bronchial epithelial BEAS-2B cells and cer-
vical cancer HeLa cells were infected with bacteria, as previously described (4).
Briefly, cell lines were grown to confluence in 24-well plates (Becton Dickinson)
and subsequently infected with 7.5 � 105 stationary-phase A. baumannii strain
98-37-09 or ACJ2 cells in 1 ml Dulbecco’s modified Eagle medium (DMEM)
(Invitrogen) supplemented with 10% fetal calf serum (FCS) (Invitrogen) and,
when applicable, tetracycline. The mixtures were incubated at 37°C and 6% CO2

for 4 h to allow invasion. The wells were then washed 3 times with Dulbecco’s
phosphate-buffered saline (DPBS) (Invitrogen). One milliliter DMEM-10% FCS
with gentamicin was added to each well, and the plates were incubated for an
additional 2 h to eliminate noninternalized A. baumannii cells. The supernatants
were plated onto LB agar to ensure gentamicin had eliminated extracellular A.
baumannii. The wells were washed 5 times with DPBS and then treated with 0.5
ml PBS containing 0.1% Triton X-100 (Invitrogen) for 20 min at 37°C to lyse the
HeLa or BEAS-2B cells, allowing the release of internalized A. baumannii cells.
The well contents were serially diluted and plated on LB medium for enumer-
ation of CFU ml�1. The cytoskeleton inhibitor cytochalasin D was used to assess
the extent to which gentamicin treatment measured host cell invasion, as previ-
ously described (4). Briefly, 2 	M cytochalasin D (Sigma Aldrich) was added to
HeLa or BEAS-2B cells 30 min before the addition of A. baumannii strain 98-37-09
or ACJ2 cells and was maintained in the medium for the entire infection period. This
concentration of cytochalasin D did not affect bacterial or host cell viability.

A. baumannii pneumonia mouse model. A. baumannii strains 98-37-09 and
ACJ2 were grown for 16 h in TSB and TSB supplemented with kanamycin,
respectively, and then subcultured (1:100 dilution) into TSB without antibiotics
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and grown to stationary phase (10 h at 37°C, 225 rpm), corresponding to the
optimal growth phase for pld transcription (data not shown). Bacteria were
pelleted from 10 ml of culture, washed twice with endotoxin-free PBS (Invitro-
gen), and resuspended in endotoxin-free PBS to a final bacterial density of
approximately 1.2 � 1010 CFU ml�1. Eight-week-old C57BL/6 mice were anes-
thetized by intraperitoneal injection of tribromoethanol. Pneumonia was induced
by intranasal inoculation of 30 	l of bacterial suspension (3.8 � 108 CFU and
3.6 � 108 CFU of wild-type and pld mutant cells, respectively) prepared as
described above. The mice were sacrificed at 24 or 48 h postinoculation by CO2

inhalation. For assessment of the bacterial burden, organs (lungs, hearts, and
livers) were excised and homogenized in 1 ml sterile PBS (Invitrogen). The
homogenized tissue was serially diluted and plated for colony formation on LB
medium or LB medium with kanamycin for strains 98-37-09 and ACJ2, respec-
tively. Statistical analyses were performed using a two-tailed, unpaired Student’s
t test, and the data are shown as the log CFU ml homogenized tissue�1. These
experiments were approved by the Vanderbilt University Institutional Animal
Care and Use Committee.

Histopathologic procedures. Mouse hearts were removed from A. baumannii
98-37-09- or ACJ2-infected mice, rinsed in saline, and immersion fixed in 10%
buffered neutral formalin. Transverse serial sections were stained with either

hematoxylin and eosin or Gram stain, allowing microscopic examination of
pulmonary, aortic, and atrioventricular valves.

RESULTS

Serum proliferation. As a prerequisite to identifying A. bau-
mannii genetic determinants that contribute to the organism’s
ability to survive in human serum, we acquired 31 clinical
isolates from diverse U.S. geographic locations (Table 1).
PFGE was used to evaluate the clonality of all isolates and
established that they could be differentiated into 12 distinct
genetic backgrounds (Fig. 1 and Table 1). A representative of
each lineage was then assessed for the ability to proliferate in
human serum over a course of 60 h. As shown in Fig. 2, most
lineages exhibited little change in optical density during the
first 7.5 h of incubation in human serum. By 15 h postinocu-
lation, the optical density for most strains began to increase

FIG. 1. PFGE of clinical isolates used in this study. All clinical isolates were confirmed to be A. baumannii by Microscan Identification Panel
assessment (data not shown) and were subjected to PFGE to assess their clonality. The results revealed that the 31 isolates obtained for the study
represented 12 distinct genetic backgrounds (labeled A to L). Each strain’s source, isolation site, and collection year are provided in Table 1.

FIG. 2. Growth characteristics of A. baumannii PFGE types in human serum. Graphed are the growth characteristics of representative strains
of 12 distinct A. baumannii PFGE types following 0, 7.5, 15, 30, and 60 h of incubation in human serum, as determined by the OD600 (starting
inoculum, 1 � 107 CFU). The black lines and symbols indicate strains that exhibited the ability to proliferate well in serum, and the light-gray lines
and symbols indicate strains that exhibited diminished serum growth in comparison to all other isolates analyzed. All OD600 values have been
normalized to the optical density of serum alone, and standard deviations are shown (n � 6). (Inset) Growth curves of A. baumannii strain 98-37-09
(solid boxes) (PFGE type I; proliferates well in human serum) and ATCC 17978 (open boxes) (PFGE type E; reduced serum growth) grown in
human serum; standard deviations are shown (n � 3).
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slightly. Growth increased further at 30 h postinoculation and
plateaued by 60 h postinoculation. The results revealed that
PFGE types C, F, and G (strains ATCC 17961, 98-37-01, and
98-37-02) consistently exhibited the most pronounced ability to
thrive in human serum. Moreover, by comparing the growth
characteristics of each strain at 60 h postinoculation to those of
ATCC 17961, 98-37-01, and 98-37-02, all strains could be
clearly differentiated into two classes: A, strains that readily
propagated in human serum (i.e., that exhibited �50% growth
in comparison), and B, strains that did not thrive in human
serum (i.e., that exhibited 
50% growth in comparison). We
reasoned that strains such as 98-37-09 (PFGE type I) that
exhibited a robust growth phenotype in serum harbored unique
factors (or unique expression properties) that augmented their
ability to proliferate in serum. Comparing the viable CFU of
strain 98-37-09 (PFGE type I) to those of strain ATCC 17978
(PFGE type E), which exhibited reduced growth in serum in
comparison to 98-37-09, verified that the growth phenotype of
each strain mimicked its optical density measurement (Fig. 2,
inset).

Identification of A. baumannii serum growth factors. To iden-
tify A. baumannii genetic determinants that contribute to the
organism’s ability to survive and proliferate in human serum, a
98-37-09 transposon mutant library was created and subsequently
screened for members with a reduced-serum-survival phenotype.
We selected 98-37-09 as opposed to other strains that were de-
termined to proliferate well in human serum because its antimi-
crobial susceptibility profile was amenable to the selection of
commonly transferable antibiotic resistance markers (data not
shown). Among the 6,000 A. baumannii 98-37-09 transposon
mutants evaluated, 13 demonstrated a �1.6-fold increase in
optical density when cultured for 60 h in human serum in
comparison to parental 98-37-09 cells (data not shown). To
distinguish whether these mutants harbored a mutation in a
serum growth-dependent factor, as opposed to a general
growth factor, we also assessed each mutant’s ability to prolif-
erate in laboratory LB medium. As shown in Fig. 3, six mutants

exhibited a growth defect in human serum but exhibited wild-
type growth rates in LB medium, suggesting that they harbored
a loss-of-function mutation in a serum-specific growth factor.
The transposon insertion sites for these mutants were deter-
mined to be located within the following loci by inverse PCR:
disulfide bond formation protein (A1S_3365), putative general
secretion pathway protein (A1S_0269), hydrolase isochori-
matase family protein (A1S_3278), a putative promoter region
of exoribonuclease R (A1S_3045; two mutants), and a putative
phospholipase D (A1S_2989). While it is difficult to predict a
priori how many of these factors affect the organism’s ability to
proliferate in serum, phospholipase D is a well-characterized
virulence factor that has been suggested to play an important
role in hematogenous dissemination of other bacterial patho-
gens within infected animals (23).

A. baumannii locus A1S_2989 modulates phospholipase D
activity. Most bacterial PLD proteins are secreted exoproteins
containing two active-site HXKX4DX6G(G/S) motifs that cat-
alyze hydrolysis of phosphatidylcholine, a major component of
eukaryotic cell membranes, to phosphatidic acid (17, 29, 43).
As shown in Fig. 4A, the A. baumannii A1S_2989 locus is
predicted to encode a 368-amino-acid protein that contains
two putative PLD active-site motifs, a perfect consensus motif
spanning amino acid residues 15 to 30 and a nearly perfect
match missing a single amino acid within the X6 region of the
active-site motif spanning amino acid residues 265 to 279. The
transposon insertion site within the serum-sensitive 98-37-09
derivative is located 4 amino acid residues upstream of the
second putative PLD active site and, based on the predicted
surrounding genome organization, is not likely to cause polar
effects (Fig. 4A and B).

To assess whether A1S_2989 affects A. baumannii PLD ac-
tivity, the phospholipase D activities of wild-type (98-37-09)
and ACJ2 (A1S_2989 mutant) cell supernatants were com-
pared. No significant difference in PLD activity was detected
between wild-type and ACJ2 cells harboring plasmid vector
alone (pWH1266), presumably reflecting the presence of ad-
ditional phospholipase D genes within the strain background
(Fig. 4C). Indeed, all publically available A. baumannii ge-
nomes contain multiple phospholipases, including at least two
putative PLDs. Consistent with that possibility, microarray
analysis of wild-type RNA revealed the expression of two PLD
transcripts by strain 98-37-09 (data not shown). Importantly,
both wild-type and ACJ2 cells harboring a plasmid-borne copy
of A1S_2989 and the corresponding putative promoter region
(pACJ01) exhibited a modest increase in phospholipase D
activity in comparison to vector-containing cells (Fig. 4C). Col-
lectively, these results suggest that A. baumannii A1S_2989
confers PLD activity. Moreover, it was found that ACJ2 cells
harboring pACJ01 exhibited wild-type levels of growth in hu-
man serum (Fig. 3, inset).

A. baumannii pld mutant cells exhibit reduced epithelial cell
invasion. PLD activity has been proposed to play a role in
Neisseria gonorrhoeae complement receptor type 3-mediated
gonococcal invasion of cervical epithelial cells (8). Moreover,
recent studies have revealed that A. baumannii invades non-
phagocytic epithelial cells; it has been suggested that this could
provide a means for the organism to circumvent host defenses
by allowing bacterial persistence and penetration into deep
tissues (4). Given the correlation between bacterial PLD and

FIG. 3. Growth characteristics of A. baumannii mutant library
members with increased serum susceptibility. Shown are the growth
characteristics of the wild type (strain 98-37-09) and isogenic mutants
in LB medium (solid bars) and human serum (hatched bars), as mea-
sured by the OD600. All values have been plotted relative to wild-type
growth (set at 1.0). Also shown are the growth curves of wild-type
(solid boxes), ACJ2 (A1S_2989 mutant; solid diamonds), and ACJ2
harboring pACJ01 (wild-type copy of A1S_2989; open circles) in hu-
man serum (inset). Standard deviations are shown (n � 6).
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epithelial cell invasion observed for other organisms, we as-
sessed whether A. baumannii PLD affects host cell invasion. To
do so, the invasion properties of wild-type 98-37-09 and ACJ2
cells were compared.

As shown in Fig. 5A, A. baumannii strain 98-37-09 demon-
strated increased ability to invade HeLa cervical cancer cells in
comparison to BEAS-2B bronchial epithelial cells. The reason
for this disparity is unknown, but it is consistent with the results
of Choi and colleagues, who observed differing cell line-specific
invasion frequencies for A. baumannii strain ATCC 19606 (4).
However, it should be noted that the previous study observed
increased invasion of respiratory cells in comparison to other
cell lines. Importantly, regardless of the cell line assessed,
isogenic ACJ2 pld mutant cells exhibited a significant reduc-
tion (P 
 0.01) in invasion. In comparison to wild-type cells,
pld mutant (ACJ2) cell invasion decreased 7.4- and 3-fold for
HeLa and BEAS-2B cells, respectively. Pretreatment of the
cell lines with the cytoskeletal microfilament inhibitor cytocha-
lasin D confirmed that A. baumannii invasion was dependent
on the formation of epithelial cell actin microfilaments, as
previously suggested (4). In the presence of cytochalasin D,
cell invasion was significantly (P 
 0.01) inhibited by 90% and
85% for wild-type and AJC2 cells, respectively (data not
shown).

To verify that the pld-associated difference in invasion was

due to disruption of the pld gene, as opposed to some other
unrecognized feature of ACJ2 cells, the invasion properties of
ACJ2 containing the A1S_2989 complementation plasmid,
pACJ01, were measured. Interestingly, transformation of vec-
tor (pWH1226, a derivative of pBR322 containing the Acin-
etobacter origin of replication [15]) or vector containing pld
(pACJ01) into both wild-type and ACJ2 cells caused a moderate
bacterial growth defect when bacteria were grown in plasmid
selection medium containing tetracycline. This same phenotype
has been observed for other organisms harboring pBR322 deriv-
atives (24, 25, 40, 41). Nonetheless, pACJ01 appeared to fully
restore the invasion properties of ACJ2 cells to the levels of the
wild type containing vector alone (Fig. 5B). Presumably the ob-
served differences in invasion frequency between A. baumannii
cells alone (Fig. 5A) and cells harboring plasmids (Fig. 5B) re-
flected the reduced growth properties of the latter in invasion
medium, which contained tetracycline to ensure plasmid mainte-
nance. Nonetheless, collectively, these results suggest that, in ad-
dition to contributing to serum survival, A. baumannii PLD plays
an important role in epithelial cell invasion.

PLD affects bacteremia and extrapulmonary tissue bacterial
burden. Because pld-disrupted cells exhibited diminished se-
rum survival and invasion and/or survival within lung epithelial
cells, we used a murine-pneumonia model of infection to eval-
uate whether PLD affects lung pathogenesis, bacteremia, and

FIG. 4. Characterization of the ATCC 17978 A1S_2989 locus. (A) Predicted amino acid sequence of ATCC 17978 locus A1S_2989-encoded
protein with putative PLD active sites underlined; the boldface residues correspond to conserved HXKX4DX6G(G/S) amino acids. The asterisk
indicates a transposon insertion site within strain ACJ2. (B) Chromosomal organization of A. baumannii strain ATCC 17978 locus A1S_2989 with
the strain ACJ2 transposon EZ-Tn5 
R6K�ori/KAN-2� insertion site shown. (C) Graph of the phospholipase D activity assay results for wild-type
(strain 98-37-09) and ACJ2 (A1S_2989 mutant) cells harboring either vector (pWH1266) or a plasmid containing a wild-type copy of A1S_2989
(pACJ01). The results were normalized to equal amounts of total starting protein, as described in Materials and Methods; standard deviations are
shown (n � 6).
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visceral-organ bacterial burden. Accordingly, C57BL/6 mice
were intranasally inoculated with 3.8 � 108 CFU or 3.6 � 108

CFU of 98-37-09 or ACJ2 (pld), respectively, and were then
sacrificed at 24 or 48 h postinoculation. For assessment of the
effects of PLD on bacteremia, the CFU per milliliter of blood
were enumerated. To assess the effects of PLD on the bacterial
burden in lungs, heart, and liver, the organs were excised and
homogenized, and the CFU were enumerated. The infection
results revealed that while pld mutant cells exhibited decreased
tissue culture epithelial cell invasion, there was no significant
difference between wild-type and pld mutant bacterial burdens
in lung tissue. Presumably, this disparity reflects differences in
the inocula and/or time of host cell exposure between the
tissue culture assays (7 � 105 CFU; 4 h) and the murine-
infection model (3.8 � 108 CFU; 24 h), either of which may
mask the effects of PLD on lung invasion. Alternatively, PLD
activity may play a minimal role in A. baumannii bronchial
epithelial invasion in a multifactorial host environment. His-
tological examination of lung tissue revealed pathological
changes consistent with pneumonia, including marked infiltra-
tion of immune cells, in both wild-type- and ACJ2-infected
mice (data not shown).

Although PLD did not seem to affect the lung bacterial
burden, the pld mutant strain exhibited a striking reduction in
the burden in blood, heart, and liver. More specifically, as
shown in Fig. 6A, the mutant strain resulted in a significant
decrease in bacteremia at 24 h postinoculation (1.5 � 106 CFU
ml WT�1 versus 1.7 � 104 CFU ml ACJ2�1), which is consis-
tent with the observation that pld mutant cells exhibit dimin-

ished serum proliferation. While not significant, this same
trend was observed at 48 h postinoculation (7.8 � 105 CFU ml
WT�1 versus 5.4 � 104 CFU ml ACJ2�1). Although few dif-
ferences were observed at 24 h, by 48 h postinfection, pld
mutant cells were observed to exhibit a diminished extrapul-
monary tissue burden (Fig. 6B). More specifically, the mutant
exhibited a significant decrease in heart burden (1.5 � 105

CFU ml WT�1 versus 3.3 � 103 CFU ml ACJ2�1) and a
significant decrease in liver burden (1.6 � 104 CFU ml WT�1

versus 1.2 � 103 CFU ml ACJ2�1). A comparison of the bacterial
burdens of heart and liver tissues from wild-type-infected mice at
24 and 48 h revealed a 0.5 to 1.0 log10 reduction in bacteria at the
later time point. Conversely, pld mutant bacteria exhibited a 1.5 to
2.0 log10 reduction, suggesting that ACJ2 cells are more readily
cleared within heart and liver tissues.

Histopathology was used, in part, to validate our murine-
pneumonia results and expand our understanding of A. bau-

FIG. 5. Invasion properties of A. baumannii 98-37-09, ACJ2, and
complementation strains. (A) Internalization characteristics of wild-type
(98-37-09) and ACJ2 (A1S_2989 mutant) cells following incubation with
human cervical cancer (HeLa) or human bronchial epithelial (BEAS-2B)
cells. Plotted are the numbers of CFU ml of A. baumannii�1 internalized
following 4 h of incubation. (B) Internalization properties of wild-type and
ACJ2 cells harboring plasmid vector (pWH1266) or an A1S_2989
complementation plasmid (pACJ01). The asterisks indicate statistically
significant differences between wild-type and ACJ2 internalization as de-
termined by Student’s t test (A) or two-way analysis of variance (P 
 0.05).
Standard deviations are shown.

FIG. 6. Pathogenic properties of A. baumannii strain 98-37-09 and
ACJ2 cells in a murine-pneumonia model. (A) The averaged bacterial
burdens of wild-type (98-37-09) and ACJ2 (A1S_2989 mutant) A. bau-
mannii cells collected from the blood at 24 and 48 h after intranasal
colonization (n � 7); the horizontal line indicates the lower limit of
detection. (B) The bacterial burdens of the wild type and ACJ2 ob-
tained from lungs, hearts, and livers at 24 h (n � 8) or 48 h (n � 16)
after intranasal colonization; the 48-h data points represent the results
from two independent experiments; the horizontal lines indicate the
lower limits of detection. The asterisks indicate statistically significant
differences between the wild-type and ACJ2 bacterial burdens as de-
termined by a two-tailed, unpaired Student t test (*, P 
 0.05; **, P 

0.01). All data are shown as the log CFU ml blood or homogenized
tissue�1.
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mannii pathogenesis in this model. Accordingly, the hearts
were removed from 98-37-09- and ACJ2-infected mice (48 h)
and were subjected to microscopic evaluation. We did not
observe inflammation or bacterial colonization of the myocar-
dium or the heart valves in either experimental group (Fig. 7A
and D). However, pericarditis was consistently observed in
both wild-type- and ACJ2-infected animals (Fig. 7B and E).
The inflammation consisted of neutrophils and macrophages
expanding the pericardial tissue with minimal involvement of
the epicardium. Bacteria were readily observed in the areas of
inflammation on hematoxylin- and eosin-stained sections, and
the presence of bacteria was confirmed by Gram staining (Fig.
7B and C). While bacteria were evident in both experimental
groups, there appeared to be a reduction in pericardium-asso-
ciated bacteria in ACJ2-infected animals in comparison to
wild-type-infected mice, supporting the observation that PLD
contributes to the heart bacterial burden (Fig. 7C and F). The
finding that A. baumannii infection leads to pericarditis is not
without precedent. Several reports have associated Acineto-
bacter with cardiac tamponade, a severe condition resulting
from bacterial infection of the pericardial space that leads to
increased pericardial fluid, restricted heart movement, and sig-
nificant rates of morbidity and mortality, suggesting that the
murine-pneumonia model described here is an appropriate
system to study this disease (19, 37). In fact, to our knowledge,

this represents the first description of A. baumannii-associated
pericarditis in an animal model of infection. Histopathology
results also revealed small foci of inflammation in the livers of
mice infected with wild-type bacteria. However, bacteria were
not identified in association with the inflammation on either
hematoxylin- and eosin- or Gram-stained sections (data not
shown). The livers of ACJ2-infected mice did not exhibit foci
of inflammation. It is not clear why no bacteria were deter-
mined to be associated with infected mouse livers, in light of
the fact that enumeration of CFU from homogenized livers
of wild-type- and ACJ2-infected mice resulted in an average
of 1.6 � 104 CFU ml�1 and 1.2 � 103 CFU ml�1, respec-
tively. One possible explanation for this disparity may be
differences between the limits of detectability of the two
approaches. Histopathology allows a qualitative measure of
the bacterial burden, whereas bacterial-viability measure-
ments provide a more accurate and quantitative assessment.
In that regard, microscopic evaluation may not allow the
resolution needed to accurately detect low numbers of A.
baumannii bacteria in liver tissue.

DISCUSSION

Although A. baumannii is an emerging bacterial pathogen of
considerable health care interest, little is known about the

FIG. 7. Histological sections of hearts from A. baumannii-infected C57BL/6 mice. (A to C) Histopathology results for mouse hearts from
98-37-09-infected mice (A) Section through the aortic valve (arrowheads) with no evidence of endocarditis (hematoxylin and eosin;
magnification, �40). (B) Section through pericardium that has lifted away from the heart surface demonstrating pericarditis with infiltration
of neutrophils and macrophages (hematoxylin and eosin; magnification, �100). Bacteria are easily observed in the pericardial tissue (arrow
in the inset). (C) Section through pericardium (Gram stain; magnification, �100). Bacteria are indicated by the arrow in the inset. (D to F)
Histopathology results for ACJ2-infected mouse hearts. (D) Section through aortic valve (arrowhead) with no evidence of endocarditis
(hematoxylin and eosin; magnification, �20). (E) Section through pericardium demonstrating pericarditis with few bacteria, indicated by the
arrow (hematoxylin and eosin; magnification, �100). (F) Section through pericardium (Gram stain; magnification, �100).
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factors that modulate the organism’s ability to cause disease.
One of the more severe forms of A. baumannii infection is
bacteremia. King and colleagues recently established that A.
baumannii strains exhibit different serum resistance, implying
that some strain backgrounds may have a higher propensity to
cause bacteremia than others (16). Characterizing the factors
that modulate serum resistance and/or serum proliferation
may delineate the mechanism(s) by which A. baumannii causes
disease and provide novel strategies for therapeutic interven-
tion in Acinetobacter infection. Accordingly, the focus of the
current work was to expand our understanding of the A. bau-
mannii genetic determinants that mediate serum growth. A
collection of 31 clinical A. baumannii isolates was acquired,
representing strains collected from diverse U.S. geographical
regions over a course of 57 years. PFGE analyses determined
that these isolates represented 12 distinct genetic lineages and
that, in large part, outbreak strains or strains acquired from
single sites tended to be clonal. One exception included 5
strains that were genetically distinct from one another but were
isolated from a single outbreak in 1998 in Texas. The observed
genetic diversity within the admittedly small strain collection
used in these studies suggests that multiple lineages are capa-
ble of causing disease and that no single lineage predominates
as the most problematic.

The A. baumannii PFGE types tested displayed differing
abilities to proliferate in human serum, in agreement with
studies by others (16). By exploiting the relatively robust serum
growth phenotype of one strain, 98-37-09, we identified iso-
genic mutants that demonstrated diminished ability to prolif-
erate in human serum. Six of these mutants exhibited parental
growth phenotypes in laboratory culture medium, suggesting
that they harbored a mutation in a serum-specific growth-
dependent and/or resistance factor. One of these strains
(A1S_2989) contained a mutation in phospholipase D.

Phospholipase D has been shown to play an important role
in hematogenous dissemination of bacterial pathogens within
infected animals and is considered a major virulence determi-
nant of Corynebacterium pseudotuberculosis (1, 13, 34). There-
fore, we hypothesized that PLD plays a role in A. baumannii
pathogenesis and focused our effort on determining the in vitro
and in vivo contributions of PLD to pathogenesis in the organ-
ism. As a first test of this possibility, we evaluated whether A.
baumannii PLD affects the organism’s ability to invade epithe-
lial cells, in part because PLD plays an important role in N.
gonorrhoeae host cell invasion (8). The results revealed that A.
baumannii PLD is required for wild-type levels of epithelial
cell invasion. Moreover, it is possible that PLD activity plays a
more significant role during invasion than observed here. The
reason for this is that all sequenced A. baumannii strains har-
bor at least two phospholipase D genes; thus, it is conceivable
that the strain used in the current studies, 98-37-09, harbors
multiple PLD alleles. Indeed, our preliminary microarray data
indicate that 98-37-09 expresses an mRNA species that corre-
sponds to a second phospholipase D gene (ATCC 17978 locus
A1S_2891) (data not shown). Thus, wild-type levels of A. bau-
mannii invasion may be attributable to the collective activities
of multiple phospholipase D alleles. Regardless, our results
indicate that the PLD product of locus A1S_2989 does affect
the organism’s ability to invade epithelial cells. This could be

considered a means by which A. baumannii avoids the host’s
immune response and that contributes to antibiotic tolerance.

The finding that the PLD locus A1S_2989 affects A. bau-
mannii’s ability to survive in serum and invade lung epithelial
cells provided compelling reasons to assess whether the locus
codes for a bona fide virulence determinant. To directly test
that possibility, wild-type and isogenic A1S_2989 mutant
strains were assessed for the ability to establish infection in the
lungs and to subsequently colonize other organs in a murine
model of pneumonia. Those experiments revealed that A1S_2989
mutant cells did not exhibit aberrant lung bacterial burden in
comparison to wild-type cells, a phenotype that was inconsis-
tent with our in vitro lung epithelial cell invasion data. This
disparity could be attributable to differences in inocula or
times of host cell exposure between the two model systems. As
stated above, the A. baumannii genome contains at least two
pld alleles. Thus, it is also conceivable that in the context of the
host cell milieu the second pld gene may overcome the loss of
A1S_2989 or play a more important role in lung invasion and
pathogenesis. Laboratory experiments are under way to char-
acterize the second pld gene and to determine whether it
affects A. baumannii pathogenesis.

Despite not affecting the lung bacterial load, the mutant
exhibited a striking decrease in bacteremia (24 h) and both
heart and liver bacterial burdens at 48 h postinoculation. These
results imply that A1S_2989-encoded PLD may affect the or-
ganism’s ability to thrive within blood early during infection;
this observation is consistent with our finding that pld mutant
cells exhibited decreased proliferation in human serum. It re-
mains to be seen whether this, in turn, results in decreased
opportunity for the organism to interact with and colonize
other organs during infection. Despite differences in blood
levels, we did not observe a corresponding decrease in pld
mutant burden in visceral organs at 24 h postinoculation, sug-
gesting that the levels of A. baumannii bacteremia are not
directly correlated with the incidence of heart or liver tissue
colonization. Alternatively, wild-type- and pld mutant-infected
mice may have surpassed a bacteremia threshold above which
the bacterial burden is no longer correlated directly with tissue
colonization, or A1S_2989 may not play a role in A. baumannii
colonization of host heart or liver tissue. Nonetheless, it was
found that at 48 h postinoculation there was a significant de-
crease in both heart- and liver-associated pld mutant bacteria,
implying that PLD affects the organism’s ability to persist in
these tissues. Indeed, while not significant, a comparison of
tissue bacterial numbers for infected mice at 24 and 48 h
revealed a trend in which pld mutant cells might have been
more readily cleared than wild-type A. baumannii. This may
reflect the fact that phosphatidylcholine has been suggested to
pay a role in the clearance of other Gram-negative bacteria
(22). In that regard, wild-type levels of A. baumannii phopho-
lipase D could catalyze cleavage of host cell phosphatidylcho-
line and limit bacterial clearance, whereas pld mutant bacteria
may have diminished ability to inactivate phosphatidylcholine
and may be more readily cleared.

Histopathological examination of infected mice supported
the observation that A. baumannii pld mutant cells exhibit
diminished heart bacterial burden in comparison to wild-type
cells. Moreover, it was found that the organism was localized to
the pericardial membrane and correlated with pericarditis, a
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condition corresponding to clinical symptoms of Acinetobacter
infection (19, 37). We believe that our results represent the
first report establishing that the organism causes heart dis-
ease in an animal model of infection, suggesting that the
murine-pneumonia model used here is an appropriate sys-
tem to study Acinetobacter pathogenesis and Acinetobacter-
associated pericarditis. Taken together, our results suggest
that A1S_2989-encoded PLD is a previously unrecognized
A. baumannii virulence factor that is required for wild-type
levels of pathogenesis. It is worth noting that, similar to our
observations, C. pseudotuberculosis disease is manifested through
PLD-mediated host dissemination (1). Interestingly, C. pseudo-
tuberculosis disease can be neutralized by passive immunization
with rabbit anti-PLD serum and/or vaccination with inactive, pu-
rified PLD; extending those observations, A. baumannii PLD may
represent a new target for therapeutic intervention in Acineto-
bacter infections (14, 44).

Another question that is currently under investigation in our
laboratories is whether the remaining genes identified in this
study contribute to A. baumannii pathogenesis. Of particular
interest, A1S_0269 is expected to code for a putative type II
secretion system protein (protein N) and is highly conserved
across sequenced A. baumannii strains (�99% amino acid
identity). It is well recognized that type II secretion systems
transfer proteases, toxins, and other enzymes from within bac-
teria to the extracellular milieu/host cells and contribute to
bacterial pathogenesis (reviewed in reference 5). This raises
the possibility that A. baumannii produces a type II secretion
system, which presumably involves the product of A1S_0269
and could affect the organism’s ability to cause disease. Like-
wise, exoribonuclease R (RNase R) is a 3�35� exoribonuclease
that posttranscriptionally regulates the expression of virulence
factors in Shigella flexneri, E. coli, Aeromonas hydrophila, and
Helicobacter pylori (3, 9, 39). In some experimental systems,
RNase R-deficient bacteria are attenuated in animal models of
infection. Thus, while not assessed in the current study, it is
intriguing to consider that other proteins identified here may
contribute to A. baumannii disease processes.
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